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ABSTRACT

UNCERTAINTY IN OPTICAL PARTICULATE COUNTING SENSORS

Jared T. Blanchard
Department of Mechanical Engineering
Bachelor of Science

To mitigate the health problems and environmental damage caused by
the burning of biomass in homes across the developing world, there is an international eﬀort to design clean burning cookstoves that burn with greater
eﬃciency and emit fewer harmful substances. An important tool for gauging the eﬀectiveness of these alternate stoves is the optical particulate counting (OPC) sensor, which comes in many varieties. To facilitate comparison
between measurements from diﬀerent models, a mathematical model and
uncertainty analysis method for OPC’s have been developed. These may be
applied to any light-scattering OPC. In addition, a low-cost physical system
was developed to test OPC’s and collect measurements necessary to quantify their uncertainty. The system atomizes a known concentration of 0.46μm
polystyrene latex (PSL) spheres into a control volume containing the sensors.
A description of the system and the eﬀorts to improve it are described. Future work will contribute to improving the predictability of the system such
that it can be used to perform calibrations for various low-cost OPC’s.
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INTRODUCTION
Every year, millions of deaths occur in
developing countries due to exposure
to smoke from biomass cookstoves [1].
Many families in these areas of the world
depend on this fuel to prepare their food,
with that responsibility falling mostly
upon women. Wood smoke exhibits
many indications of cytotoxicity [2], and
analysis of cookstove emissions show that
particulate matter, CO2 , and other gasses
are output from such stoves in quantities that contribute signiﬁcantly to global
climate change [3]. By developing clean
burning cookstoves, humanitarian organizations seek to improve the health
Figure 1: A Peruvian villager lights a
of millions worldwide and promote the
traditional cookstove in her home. Phowell-being of the environment. The detographed in by Matthew R. Jones in
velopment of inexpensive sensors that
Salkantay, Peru, 2010.
can be used locally to evaluate the performance of biomass cookstoves and collect data regarding their use and health impacts is an important area of research
[4]. Such sensors are invaluable to stove designers and producers as they seek to
improve their products. Data from such sensors are also critical to executives who
decide which projects to ﬁnance [5]. Thus it is important that the sensors used to
conduct comparative experiments be well understood. This investigation addresses
current understanding of the uncertainty present in the modern sensors that are so
vital to the work of clean cookstove proponents. One such is the optical particulate
counting (OPC) sensor, which measures the light scattered by particles in the air to
determine their concentration. This investigation addresses current understanding
of optical particulate counting sensors and attempts to determine the uncertainty
present in their measurements by developing a mathematical model and performing
an uncertainty analysis. To complete the results of the theoretical models, a controlled testing environment for the OPC’s was created, into which polystyrene latex
(PSL) spheres are nebulized. The environment will allow experimenters to produce
a known concentration of particulate matter, allowing them to calibrate and complete uncertainty analyses for low-cost OPC’s. PSL particles are used instead of
smoke or other common contaminants in order to decrease the variability in the
test environment, thus allowing uncertainty to be quantiﬁed with more conﬁdence.
Tests performed to gauge the predictability of the environment are described. Assumptions made in the mathematical modeling and uncertainty analysis are based
on the experiments run in the controlled environment.
1

Optical Particulate Counting Sensors
A survey of the literature revealed that when experimenters
compare cookstoves, they often use gravimetric analysis,
which involves weighing a ﬁlter before and after it is exposed to emissions. This allows them to see the total particulate output over the amount of energy delivered, measured in g/MJ, but cannot provide real-time data [7, 8, 9].
OPC’s allow for real-time data collection of the concentration during combustion. However, they vary widely in price,
design, and accuracy. The most expensive cost tens of thousands of dollars while the cheapest may cost one or two dollars. Some have data acquisition devices built in, while others are stand-alone. The more expensive sensors come with
Figure 2: An optical
performance characteristics from the manufacturer, while
particulate counting
many performance assessments for low-cost OPC’s can be
sensor, the OPC-N2 [6]
found in scientiﬁc journals. However, there is no standardized method [10]. For this reason, this study breaks down
the basic design characteristics of OPC’s to understand how they function, hopefully facilitating the development of standardized comparison methods.
All OPC’s draw air into an open scattering chamber either with a fan or a convection current caused by heat from electrical resistance. Light emitted from a laser or
LED passes through a stream of sample air as shown in Fig. 3(a). It is then scattered as it strikes particles in the air stream. An elliptical mirror is positioned inside such that one of its two foci is inside the air stream and the other is on a photodiode. All of the scattered light from the air stream that strikes the mirror is focused onto the photodiode, which produces a voltage. This voltage is dependent on
the intensity of light scattered, which is related to the size and concentration of the
particles.

(a)

(b)

Figure 3: The interior of the OPC-N2 sensor, showing the relative directions of the laser
beam (red), air stream (blue), and reﬂected light rays (red) reﬂecting oﬀ the elliptical
mirror. Images created by Nicholas Wallace, 2018.
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Each reading constitutes a data point in a discrete size bin. Then, based on the
number of particles in each bin sensed per period, PM10 , PM2.5 , and PM1 are calculated. Some sensors are embedded with software to perform the calculations based
on look-up tables, while others are programmed to rely on user calibration.
To show an example of typical OPC data that would be used to compare clean
burning cookstoves, a burning experiment was conducted according to the Water
Boiling Test protocol [11]. A small ceramic stove was used to burn pine, and the
smoke from the burn was collected by a fume hood and directed out a smokestack.
An OPC was placed inside the smokestack to sample the emissions for about 40
minutes. The data from this experiment is shown in Fig 4.

Figure 4: Data from the OPC-N2 [6] collected during a Water Boiling Test [11]. The
peaks in concentration were caused by adding more wood and stoking the ﬁre periodically.
Total particulate emissions can be calculated by integrating this data with respect to
time.

3

METHODS
Mathematical Modeling
To quantify the amount of uncertainty present in the output of our sensor, it is necessary to develop a mathematical model of the sensor. Our model is based oﬀ of
principles of radiative heat transfer, with several assumptions explained throughout. For the purposes of this study, monodisperse polystyrene latex (PSL) spheres
were used to test the sensors, which justiﬁes many of the assumptions. The speciﬁc method for calculating PM is diﬀerent for most OPC’s, and can depend upon
national air quality standards. However, all OPC’s measure a voltage produced by
light scattering, so this study focuses on the fundamental principles involved in producing that voltage. Beginning with PM, each variable is explained until reaching voltage, which is the actual measured quantity. Note that PM is in units of
[μg/m3 ]. It is deﬁned as a function of three variables, as follows:
M
(1)
PM (M , V–˙ a , T ) =
V–˙ a T
where V–˙ a [m3 /s] is the average volumetric ﬂow rate of air over sample period T [s],
and M [μg] is the mass of particles sensed during the period. T is a constant based
on the programming of the data acquisition system. V–˙ a is a constant, depending
on the assumption that air is incompressible as it passes through the fan, or that
the resistor causing the convection current emits a constant heat ﬂux. It is also assumed that the angular velocity of the fan is constant, making it a constant volume
ﬂow device. M is the sum of all particle masses in relevant size bins multiplied by
correction factors, shown as a function of ﬁve variables, as follows:
M (V– p , ρp , w, ER, P ) =

b


V– p,i · ρp,i · wi · ERi · Pi

(2)

i=1

where V– p,i [m3 ] is the volume of particles in bin i for b bins, ρp,i [kg/m3 ] is the average density of particles in bin i, wi is the dimensionless sample volume weighting
for bin i, ERi [%] is a percentage corresponding to the air quality standard of the
country of origin[12], and Pi [#] is the number of particles in bin i. In this case V– p,i
is calculated as the volume of a typical sphere in bin i. The diameters of the upper
and lower bin boundaries are used in the following equation:
4
V– p,i (dupper , dlower ) = π
3



dupper,i + dlower,i
4

3
(3)

Some OPC’s do not use multiple bins, in which case they can be assumed to use a
summation with one bin. For the purposes of this paper, we assume that the particles being measured are all the same size, so the summation is eliminated and V– p is
calculated as
4

4
V– p (d) = π
3

 3
d
πd3
=
2
6

(4)

For non-spherical particles, the convention is to use aerodynamic diameter1 . ωi is 0
or 1 and accounts for the fact that PM1 depends only on particles that are smaller
than 1 μm, PM2.5 depends only on particles that are smaller than 2.5 μm and so on
[13]. Since the particles we used were all smaller than 2.5 μm, we assume ωi = 1.
ERi accounts for the speciﬁc air quality standards used where the sensor is manufactured. These standards are beyond the scope of this analysis, therefore in this
analysis, we assume ERi = 1 as well.
Pi is calculated from the number of voltage measurements, V, from the photodetector that fall within the range of reference voltages that make up bin i. For
the purposes of this paper, we assume that the particles being measured are all the
same size, so Pi becomes simply P and V becomes equal to the incident radiative
intensity of light, Iλ,s [W/sr·m] on the photodiode multiplied by some constant eﬃciency factor, η [V·sr·m/W].
V (Iλ,s ) = ηIλ,s
Iλ,s =

(5)

V
η

(6)

Iλ,s is deﬁned as the intensity of all light that is reﬂected, refracted, transmitted, or
diﬀracted by the particle in the solid angle from the particle to the elliptical mirror
[14]. For the case of OPC’s, it can be assumed that the particles are non-absorbing,
since PSL spheres have indices of refraction with negligible imaginary parts [15].
Therefore, a scattering coeﬃcient, σλ can be used to describe the intensity of the
light beam as it interacts with the particle [14].
dIλ
= −σλ Iλ
ds

(7)

where the scattering coeﬃcient is deﬁned as
d2
σλ = N Qλ,s π
4

(8)

Integrating Eq. 7 from 0 to s yields


d2
Iλ,s (Iλ,0 , N, Qλ,s , d, s) = Iλ,0 exp −N Qλ,s π s
4


(9)

1
For any non-spherical particle, the aerodynamic diameter is the diameter of a perfectly spherical particle with a density of 1000 kg/m3 that has the same settling velocity.

5

where Iλ,0 [W/m2 ] is the initial radiative intensity of the light emitted at wavelength λ, while N [m-3 ] is the number of particles per unit volume, Qλ,s is the dimensionless scattering eﬃciency of the particles for the given wavelength, d [m] is
the particle diameter, and s [m] is the path length of light through the control volume V– OPC . Note that for a control volume of length l,

P = N · V– OP C = N · l · π

s2
4


(10)

To calculate Qλ,s , it is necessary to know the size factor, x=πd/λ. For the PSL
spheres used in this study, x = π(0.46 μm)/650 nm = 2.22. Since x ≈ 1 then Mie
scattering theory is used instead of the simpler Rayleigh scattering or geometric
scattering theories [14]. In Mie theory, Qλ,s depends on the size parameter x as well
as the particles’ refractive index n̄ and diameter d, but since various materials have
tabulated values for Qλ,s [16], we will not explore it further.
From Eqs. 6 and 9 we can solve for N by
−4
N=
ln
Qλ,s πd2 s



Iλ,s
Iλ,0



−4
=
ln
Qλ,s πd2 s



V
ηIλ,0


(11)

Therefore, from Eqs. 1, 2, 4, 10 and 11 we can derive
−ρp dlπs
PM =
ln
6V–˙ a T Qλ,s

6



V
ηIλ,0


(12)

Uncertainty Analysis
As we have seen in the previous section, PM depends on many diﬀerent factors,
and we will need to account for each one in our uncertainty analysis. Because we
deﬁned PM as a function of mass, volumetric ﬂow rate, and period, we can deﬁne
the uncertainty of our PM reading as follows:

UP M = ±

∂P M
UM
∂M

2


+

∂P M
U ˙
∂ V–˙ a V– a

2


+

∂P M
UT
∂T

2 1/2
(13)

We assume UV–˙ = 0, since V–˙ a depends only on the amount of electrical current
a
that runs through it, which doesn’t vary signiﬁcantly. UT will simply be the zero
order uncertainty of the computer’s time clock which is simply the digital resolution of the sensor’s microcontroller. We assume the microcontrollers for most sensors use a 16-bit processor and the range of measurable periods is 0 to 10 seconds.
UT =

10sec
= 0.00015sec ≈ 0
216

(14)

Getting rid of the zero terms in Eq. 13 leaves
UP M = ±

∂P M
UM
∂M

(15)

UM will depend on the certainty of its dependencies as follows:


UM

2 
2
∂M
∂M
=±
U
+
Uρ
+
∂V– p V– p
∂ρp p
2 
2 
2 1/2

∂M
∂M
∂M
Uw +
UER +
UP
∂w
∂ER
∂P

(16)

We assume Uω = 0 since ωis a boolean. We also asusme that UER = 0 because ER
depends on various national standards which draw on medical conventions beyond
the scope of this paper. Eliminating the zero terms leaves

UM = ±

∂M
U
∂V– p V– p

2


+

∂M
Uρ
∂ρp p

2


+

∂M
UN
∂N

2 1/2
(17)

Since Vp depends only on particle diameter, d, it follows that
UV– p = ±
7

∂V– p
Ud
∂d

(18)

According to the PSL spheres’ data sheet [15], Ud = ± 0.01 μm and Uρp = 50 kg/m3 .
This leaves UP to be deﬁned.

UP = ±

∂P
UN
∂N

2


+

∂P
Ul
∂l

2


+

∂P
Us
∂s

2 1/2
(19)

UN can be written as


2 
2 
2
∂N
∂N
∂N
UN = ±
UQ
+
Ud +
Us +
∂Qλ,0 λ,s
∂d
∂s
2 
2 
2 1/2

∂N
∂N
∂N
UV +
Uη
UIλ,0 +
∂V
∂Iλ,0
∂η

(20)

Previous research has found that UQλ,s ≤ 1% for PSL spheres [16], so if we assume
the worst case, then UQλ,s =1%. Ud has been stated previously, and Us = Ul = 1%
based on the assumption that a caliper is used to measure s and l. Similarly to UT ,
we can assume UV = 0. Assuming an ideal light source, Uλ,0 = 0. Uη can be found
through experimentation. When we eliminate the zero terms we get

UN = ±

∂N
UQ
∂Qλ,0 λ,s

2


+

∂N
Ud
∂d

2


+

∂N
Us
∂s

2


+

∂N
Uη
∂η

2 1/2
(21)

Putting all these terms together to ﬁnd UPM yields a large and unruly equation,
which can be simpliﬁed by starting instead with Eq. 12.


UP M

2 
2 
2
∂P M
∂P M
∂P M
=±
Uρp +
Ud +
Ul +
∂ρp
∂d
∂l
2 
2 
2 1/2

∂P M
∂P M
∂P M
Us +
Uη
UQ
+
∂s
∂Qλ,s λ,s
∂η

(22)

The only unknown terms in this equation are η and Uη , which can be found through
experimentation.
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Experimental Methods
To determine η and Uη , physical experiments were conducted in a system where
the random variability of the surroundings could be minimized. By reducing the
variability, or at least knowing how much variability to expect, sensors can be calibrated and uncertainty quantiﬁed with much more conﬁdence. The system was
based oﬀ of a design from the Hybrid Ecologies Lab at the University of California,
Berkeley [17], with minor modiﬁcations. The setup is shown in Fig. 5(a).

(a) The full experimental system

(b) The control board

Figure 5: The experimental system includes an air compressor, control board, test chamber, and Raspberry Pi for data acquisition.

The ﬁrst part of the system is a
portable air compressor, used to ensure proper airﬂow. The air from the
compressor is fed directly into a two
stage ﬁlter, a pressure regulator, and a
brass T-valve as shown in Fig. 6. The
ﬁlter removes any particulate matter
from the surrounding air, and the pressure regulator allows the experimenter
to maintain a constant pressure at the
T-valve. From there, the air can be directed to the atomizer or directly to
Figure 6: The two stage ﬁlter, pressure regthe test chamber. The atomizer is a
ulator and valve. Air leaving the bottom
standard disposable medical nebulizer
ﬁlled with a solution of distilled, deion- of the image goes directly into the chamber while air leaving the top goes into the
ized water containing polystyrene latex
nebulizer.
(PSL) spheres. After passing through
the nebulizer, the particle ﬁlled air
passes through a diﬀusion dryer ﬁlled with desiccant. The desiccant removes excess
water from the air, leaving only the PSL spheres.
9

From there, the air enters the test chamber, a translucent polypropylene trunk,
containing the sensors as shown in Fig. 7. A HEPA ﬁlter ﬁxed to one side allows
the air to escape while keeping the particles trapped inside. When clean air is forced
from the T-valve directly into the chamber, the particles from the previous experiment stick to the ﬁlter, thus diluting the particle concentration inside. When the
air is sent through the nebulizer instead, it enters at a lower velocity due to pressure losses and increases the particle concentration. A Raspberry Pi collects data
from a powered USB hub, which powers the sensors. All gaps in the chamber for
cords are sealed with caulking and four computer fans were set in the lid to encourage mixing. A Python script collects data from the sensors and saves them as .csv
ﬁles. The Python code used to collect data2 is found in Appendix B. Tests run on
this system followed protocol to ensure consistent results.

Figure 7: The test chamber, shown open with the lid ﬂipped. Four computer cooling fans
set in the lid circulate air around the sensors at the bottom

To begin, the air compressor is turned on until it reaches a pressure greater than
100 psi to provide adequate air supply. The connection between the compressor
and the ﬁlter is opened and the pressure regulator on the board is set to 40 psi.
The valve is turned to the down position to allow the ﬁltered compressed air to enter the tank. This inﬂow of clean air dilutes the tank, pushing particulate matter
into the HEPA ﬁlter that covers the only exit. While this is happening, the experimenter runs a script on the Raspberry Pi to sample the data. Once the sampled data shows consistent PM2.5 values of zero, the tank is considered clean and
the valve is turned to the up position. This lets the ﬁltered compressed air ﬂow
into the nebulizer, which is ﬁlled with 5 mL water mixed with 1 μL PSL solution.
Normal mixing procedure included using a syringe to ﬁll the nebulizer with half
of the required water, using a pipette to measure in the LB5 solution, and adding
the remaining water to mix. The nebulizer was then held against the vibrating motor of the air compressor to promote further mixing. As the compressed air passes
through the nebulizer, a combination of small water droplets and PSL spheres enter the air stream, which passes through the diﬀusion dryer next. The diﬀusion
dryer is made of a mesh tube set concentrically in a larger plastic tube. The large
2

All code and data can also be accessed at https://github.com/jared711/OpticalParticleCounters
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plastic tube is ﬁlled with indicating desiccant. The water droplets in the air passing through the mesh are absorbed by the desiccant while the particles continue
through the mesh into the chamber. After the water in the nebulizer is used up,
normally after about 8 minutes, the valve is switched to the oﬀ position. The experiment is timed for 30 minutes from the time the valve is turned to up. Since
some of these details are changed in individual experiments, detailed descriptions
of each experiment are found in Appendix C.
Since PM2.5 is the most commonly used air quality measurement [5], it was decided to use PSL spheres smaller than 2.5 μm. Sigma Aldrich’s LB5 solution contains particles with a diameter of 0.46 μm, which ﬁt our requirements. Equation 23
shows how the total volume of solution, V– solution relates to the concentration in the
tank.
P M2.5 =

V– solution · ρparticles
V– tank

(23)

500-1000 μg/mL is a normal concentration in wood smoke and is measurable by
most OPC’s [10]. The density of particles per milliliter of solution is ρparticles =1.005
g/mL [15], and the volume of the tank was measured to be V– tank = 0.105 m3 . If 1
μL of solution were used, and there were no losses, it would yield a concentration of
957 μg/m3 , which is within the desired threshold. Every experiment was run using
1 μL of LB5 solution.

11

RESULTS AND DISCUSSION
To ﬁnd corresponding values for η and Uη , it is necessary to demonstrate that the
system can produce a known concentration of particulate matter consistently. This
also makes it easier to calibrate low-cost OPC’s. The plots shown in this section
normally follow the same pattern of a steep rise in concentration as air runs through
the nebulizer, followed by a peak and decay as the valve is turned oﬀ and the air is
left stagnant in the tank. The ﬁrst experiments run on the system were run to see
if it would behave as expected. We used a calibrated OPC, the Alphasense OPCN2, to measure the concentration within the tank and expected it to approach 957
μg/m3 based on Eq. 23. Results are shown in Fig. 8

Figure 8: The ﬁrst two experiments run with the system both used 2 mL of water, but
one was run with the diﬀusion dryer while the other was run without. The maximum
concentrations in both did not come close to the 957 μg/mL predicted. Collected from the
Alphasense OPC-N2.

Figure 8 seems to point to the diﬀusion dryer having a dampening eﬀect on concentration. This is conﬁrmed by Figs. 9(a) and 9(b), which show that pure water in
the nebulizer had the same eﬀect in the tank with or without the diﬀusion dryer.
Therefore it is apparent that removing the diﬀusion dryer seemed to allow more
particles from entering the chamber, see Fig. 8. However, the maximum concentration was still not close to where it was expected to be. Figs. 10 and 11 shows the
diﬀerence when the solution was diluted in 5 μL water instead of just 2 μL. These
results show us that the dilution step has a greater eﬀect on the particle concentra12

tion than the diﬀusion dryer. More water allowed the nebulizer to run longer and
at a more controlled rate, while the proportion of particles left in the nebulizer in
un-atomized water decreased.

(a)

(b)

Figure 9: Concentrations when the nebulizer was run with 5 mL of distilled water without any PSL solution added. 9(a) was run with the diﬀusion dryer while 9(b) was run
without. The concentrations never surpassed 15 μg/m3 . Collected from the Alphasense
OPC-N2.

Figure 10: Solution mixed with 5 mL water, nebulized for 8 minutes, and left alone for 10
minutes. This experiment came much closer to the 957 μg/mL expected. Collected from
the Alphasense OPC-N2.
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Figure 11: Solution mixed with 5 mL water, nebulized for 8 minutes, and left alone for
60 minutes. The diﬀusion dryer was used. Data collected during this long waiting period showed the exponential decay of the concentration over time. Collected from the
Alphasense OPC-N2.

The maximum concentration in Fig. 10 was closer to the expected value, at least
within reason, considering potential particle losses in the nebulizer, tubes, and diffusion dryer. However, the concentration’s rate of decay was worrisome. It was
too high to create any sort of steady state that could lead to ﬁnding η. Figure 11
shows the decay of particulate concentration over a period of one hour. To determine whether the particles were settling to the bottom or sticking to surfaces, Eq.
24, derived from Stokes’ law, was used to determine the settling velocity.
2 (ρp − ρf ) gr2
ω=
9μ

(24)

It yielded a settling velocity of ω=8.15 μm/s, implying that the particles are not
settling on the bottom. At this speed it would take about 10 hours for a particle at
the top of the box to reach the bottom by settling alone. Figure 12 shows that the
vertical placement of the sensor in the tank had little eﬀect on the concentration.
This is further evidence that settling is not the problem, since high settling rates
would lead to substantially lower concentrations higher up. Further experimentation, see Fig. 13, showed that increased fan strength led to a higher rate of decay,
which implies that some sort of sticking is occurring, which is exacerbated by the
fans.
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Figure 12: Solution mixed with 5 mL of water, nebulized for 8 minutes, then left alone for
22 minutes. The sensor on the ﬂoor measured the highest concentration by the end of the
experiment, but the decay rates for each placement are similar and average values vary
from each other by only 5%. Collected from the Alphasense OPC-N2.

Figure 13: Sensor placed in the center of the ﬂoor. Solution mixed with 5 mL of water,
nebulized for 8 minutes, then left alone for 22 minutes. The decay rate is higher for larger
fans. When there are no fans, the decay rate levels oﬀ and the maximum concentration is
much higher. Collected from the Alphasense OPC-N2.
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While the results in Figs. 12 and 13 lead us to believe that fans only aggravate the
problem of decay, they also lead us to another problem: the maximum concentration reached in the experiments without fans was 30% higher than the expected
maximum value. Figure 14 shows data from an experiment conducted after extensively cleaning the nebulizer to ensure that residue particles were not present. This
showed some improvement, only reaching 13% higher than 957 μg/m3 . The previous experiments had been run after only superﬁcial rinsing of the nebulizer, implying that residual particles were at least part of the problem, and that there are
likely more in the tubing and diﬀusion dryer.

Figure 14: Without fans. Solution mixed with 5 mL of water, nebulized for 8 minutes,
then left alone for 22 minutes. For this experiment, the nebulizer was thoroughly cleaned
with cotton swabs and distilled water. The maximum concentration was lower than that
of a similar experiment conducted without such cleaning. Collected from the Alphasense
OPC-N2.

Along with the high concentration, the decay in the tank is still signiﬁcant. It was
hypothesized that the fan built into the OPC could be causing the decay, similar to
that caused by the other fans. To determine whether this was the case, an experiment was run in which the fan was turned on and oﬀ periodically within the tank
for an extended period of time. Samples were taken whenever the fan was on. Figure 15 shows the results of this experiment, in which a clear trend of decay is still
visible. Therefore, it seems the sensor’s fan is not causing the decay.
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(a)

(b)

Figure 15: Without fans. Solution mixed with 5 mL of water, nebulized for 8 minutes,
then left alone for 3 hours. The OPC fan was turned on for 5 seconds, collecting 10 measurements every 10 minutes. 15(a) shows the general trend for the entire three hours,
while 15(b) shows an expanded view of the data points collected during a random 5 second interval. Collected from the Alphasense OPC-N2.

17

Although the system created an environment with too much variability to perform
an uncertainty analysis with good conﬁdence, it did allow for calibration of an inexpensive OPC, the Nova SDS011. Using the $500 Alphasense sensor [6] as the
truth instrument, we calibrated the $35 Nova sensor in the tank. Using the raw
data from both sensors for four diﬀerent experiments, we calculated a calibration
constant of 0.6 by taking a simple ratio and programmed it into the data acquisition device on the low-cost sensor. The results are shown in Figs. 16, 17, 18, and
19. The curves reach similar maximum concentrations, however a time lag is apparent in the Nova sensor.

Figure 16: Calibration experiment 1. Data collected using the Nova SDS011 and the Alphasense OPC-N2. Solution in 5 mL of water without the diﬀusion dryer. The small fans
were mounted in the lid and the OPC’s were on the ﬂoor in the center of the tank.
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Figure 17: Calibration experiment 2. Data collected using the Nova SDS011 and the Alphasense OPC-N2. Solution in 5 mL of water with the diﬀusion dryer. The small fans
were mounted in the lid and the OPC’s were on the ﬂoor in the center of the tank.

Figure 18: Calibration experiment 3. Data collected using the Nova SDS011 and the Alphasense OPC-N2. Solution in 5 mL of water with the diﬀusion dryer. The small fans
were placed on the ﬂoor and the OPC’s were on the ﬂoor in the center of the tank.
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Figure 19: Calibration experiment 4. Data collected using the Nova SDS011 and the Alphasense OPC-N2. Solution in 5 mL of water with the diﬀusion dryer. The small fans
were placed on the ﬂoor and the big fan was hung from the lid. The OPC’s were on the
ﬂoor in the center of the tank.
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CONCLUSION
Due to poor combustion eﬃciency, biomass cookstoves around the world contribute
signiﬁcantly to global climate change and poor health. Because of this, there exists an eﬀort to design and compare clean-burning cookstoves. There is a demand
for the ability to compare stove emissions with real time data. Optical particulate
counting (OPC) sensors can be an inexpensive solution to this problem. However,
the uncertainty present in the measurements of these sensors is not well understood. A mathematical model has been developed to characterize the uncertainty
in optical particulate counting OPC’s sensors. This model is rigorous based on ﬁrst
principles, including conservation of energy and mass. Speciﬁc values for variables
in the model will vary depending on the sensor and how it is used. In particular,
the eﬃciency factor for each sensor must be found experimentally by testing the
sensor in an environment with a known particulate concentration. A system has
been constructed and is continuing to be developed to create such an environment.
Future improvements to further reduce variability will include modeling the decay
within the tank. A description has been given of how a low cost OPC has been calibrated against a more expensive model. Future work will include the calibration
and uncertainty analysis of other low-cost OPC sensors for use in ﬁeld work evaluating clean-burning biomass cookstoves.
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ALL PLOTS COLLECTED FROM TEST CHAMBER

(a) Test 1

(b) Test 2

(c) Test 3

(d) Test 4

(e) Test 5

(f) Test 6

Figure 20: Collected from the Alphasense OPC-N2
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(a) Test7

(b) Test 8

(c) Test 10

(d) Test 11

(e) Test 12

(f) Test 13

Figure 21: Collected from the Alphasense OPC-N2
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(a) Test 14

(b) Test 15

(c) Test 16

(d) Test 17

(e) Test 18

(f) Test 19

Figure 22: Collected from the Alphasense OPC-N2
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(a) Test 20

(b) Test 21

(c) Test 22

(d) Test 23

(e) Test 24

(f) Test 25

Figure 23: Collected from the Alphasense OPC-N2
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(a) Test 26

(b) Test 27

(c) Test 28

(d) Test 29

(e) Test 30

(f) Test 31

Figure 24: Collected from the Alphasense OPC-N2
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(a) Test 32

(b) Test 33

(c) Test 34

(d) Test 35

(e) Test 36

(f) Test 37

Figure 25: Collected from the Alphasense OPC-N2
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(a) Test 38

(b) Test 39

Figure 26: Collected from the Alphasense OPC-N2
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Figure 27: Log of experiment details
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CODE USED FOR ALPHASENSE AND NOVA DATA ACQUISITION
#!/usr/bin/env python3
#Written by Jared Blanchard
#Collects data from OPC-N2 and NOVA sensor simultaneously
#~ NOVA
#~ program to read data from Novafitness SDS101
#~ http://aqicn.org/sensor/sds011/
#~ Nils Jacob Berland
#~ njberland@gmail.com / njberland@sensar.io
#~ +47 40800410
#~ The numbers produced are microgram pr m^3 of particles
#~ OPC-N2
#~ Originally from D.H.Hagan https://github.com/dhhagan

import
import
import
import
import
import
import
import
import

serial
os
csv
datetime
time
usbiss
opc
argparse
sys

##### INITIATING THE OPC-N2 #####
try:
time.sleep(5) #These sleeps helped for some reason
#Open an SPI connection
spi = usbiss.USBISS("/dev/ttyACM0", ’spi’, spi_mode = 2, freq = 500000)
time.sleep(5) #These sleeps helped for some reason
alpha = opc.OPCN2(spi)
except Exception as e:
print ("Startup␣Error:␣{}".format(e))
sys.exit(1)
#Turn on the OPC
alpha.on()
#Wait for ten seconds to allow the sensor to boot up
time.sleep(10) #These sleeps helped for some reason
#change firmware to correct version
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alpha.firmware = {’major’: 18, ’version’: 18.2, ’minor’: 2}
##### INITIATING THE NOVA #####
ser = serial.Serial(’/dev/ttyUSB0’, baudrate=9600, stopbits=1, parity="N",
→ timeout=2)
input("System␣Ready,␣press␣Enter␣to␣begin␣collecting␣data.␣Press␣ctrl+c␣to␣
→ pause...")
##### STARTING THE DATA COLLECTION LOOP #####
status = "collecting"
while status == "collecting":
##### CREATING THE DATA FILES #####
filesNOVA = os.listdir(’/home/pi/OpticalParticleCounters/DATA/
→ NovaData’)
filesOPC = os.listdir(’/home/pi/OpticalParticleCounters/DATA/OPCData’
→ )
numberNOVA=1
for i in range(0, len(filesNOVA)):
string = filesNOVA[i]
string = string[:-4] #eliminate the .csv at the end
index = 0
for letter in string:
if not letter.isalpha():
try:
index = index*10 + int(float(letter)) #make sure the
→ tens and hundreds places are accounted for
except:
print("Error:␣Please␣close␣all␣open␣files␣in␣the␣DATA␣
→ directory␣and␣try␣again")
quit()
if index >= numberNOVA:
numberNOVA = index + 1
file_nameNOVA = ’/home/pi/OpticalParticleCounters/DATA/NovaData/
→ NOVAdata%s.csv’ % (numberNOVA)
file_csvNOVA = open(file_nameNOVA,’w’)
csvNOVA = csv.writer(file_csvNOVA, delimiter=’,’)
numberOPC=1
for i in range(0, len(filesOPC)):
string = filesOPC[i]
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string = string[:-4] #eliminate the .csv at the end
index = 0
for letter in string:
if not letter.isalpha():
index = index*10 + int(float(letter)) #make sure the tens
→ and hundreds places are accounted for
if index >= numberOPC:
numberOPC = index + 1
#Create a .csv file with the appropriate number in its name
file_nameOPC = ’/home/pi/OpticalParticleCounters/DATA/OPCData/OPCdata
→ %s.csv’ % (numberOPC)
file_csvOPC = open(file_nameOPC,’w’)
csvOPC = csv.writer(file_csvOPC, delimiter=’,’)
##### WRITING THE FILES #####
#print the file number upon starting the program
file_numberOPC = ’OPC␣file␣number:␣%s’ % (numberOPC)
file_numberNOVA = ’NOVA␣file␣number:␣%s’ % (numberNOVA)
print(file_numberOPC)
print(file_numberNOVA)
PM25 = 0 #initialize PM25 and PM10 for the NOVA sensor
PM10 = 0
OPC25 = 0
OPC10 = 0
counter = 0
timestart = time.time()
timer = 0
csvNOVA.writerows([["Counter", "Time", "PM2.5", "PM10"]]) #make sure
→ to use two square brackets when using csv.writerows
try:
while True:
counter += 1
### OPC ###
keys = [’Counter’,’Time’]
data = [counter,time.time()-timestart]
#Read the histogram and print to console
#change histogram to show integer values instead of #/cc
→ in bins
print("OPC")
for key, value in alpha.histogram(number_concentration =
→ False).items():
#separated by commas
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data.append(value)
keys.append(key)
#print ("counter: {}\tKey: {}\tValue: {}".format(
→ counter, key, value)) #This line prints all the
→ data
if key == ’PM2.5’:
OPC25=value
if key == ’PM10’:
OPC10=value
print(’PM2.5␣-␣’,OPC25, ’PM10␣-␣’, OPC10)#This line prints
→ just PM2.5 and PM10 data
if counter == 1:
csvOPC.writerows([keys])
csvOPC.writerows([data])
time.sleep(0.5)
### NOVA ###
s = ser.read(1)
if ord(s) == int("AA",16):
s = ser.read(1)
if ord(s) == int("C0",16):
s = ser.read(7)
a = []
for i in s:
a.append(i)
#print(a)
pm2hb= s[0]
pm2lb= s[1]
pm10hb= s[2]
pm10lb= s[3]
cs = s[6]
timer = time.time() - timestart
PM25 = float(pm2hb + pm2lb*256)/10.0
PM10 = float(pm10hb + pm10lb*256)/10.0
datarow = [counter,timer,PM25,PM10]
csvNOVA.writerows([datarow])
# we should verify the checksum... it is the sum of
→ bytes 1-6 truncated...
print("NOVA")
try:
print("PM2.5␣-␣", float(pm2hb + pm2lb*256)/10.0
→ ,"␣PM10␣-␣", float(pm10hb + pm10lb*256)
→ /10.0)
except:
pass
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else:
pass
except KeyboardInterrupt:
pass
#close the file
file_csvOPC.close()
file_csvNOVA.close()

choice = input("Files␣written.␣To␣start␣new␣files,␣press␣’y’␣then␣
→ Enter,␣to␣quit,␣press␣only␣Enter")
if choice == "y" or choice == "Y":
status = "collecting"
else:
status = "finished"
#Shut down the opc
alpha.off()
#To do - for some reason, ctrl+c doesn’t always shut the OPC off. I think it
→ has to do with the timing.
#If I’m in the middle of communications, it won’t work
"""
Other values that can be read from the OPC-N2
n = alpha.sn() #Serial Number
print(n)
alpha.read_firmware()
"""
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TEST PROCEDURE
The following pages lay out the procedure used to collect data from the testing chamber
and were created by Nicholas Wallace, with input from Connan Wu and the author.
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Monodisperse Particle Generator Validation
Background: This experiment is designed to validate the accuracy and
time dependency of the monodisperse particle generator located in the
Fletcher Building. This document consists of 9 separate smaller
experiments and should take approximately 1.5 hours to complete.
Hypothesis: The particulate sensor should read between 500-1000 μg/m 3
(theoretically 957 μg/m 3 ), after nebulizing 1 μ L of solution completely. The
particle generator should be able to maintain this environment for 1 minute
after compressed air has been turned off.
Materials:
● Air compressor
● Particle generating device1
● Test Chamber
● 72 mL deionized water
● 3 μL of LB30
● 3 μL of LB5
● Raspberry Pi and data acquisition device2

1
2

See attachment 1
See attachment 2

Procedures:
ު 1) Connect all tubes and fittings3.
Connect wires and turn on data
acquisition devices
ު 2) Place particulate sensor on the
bottom of the test chamber on next to
the air filter.

ު 3) Mix 1 μL of LB30 with 8 mL of
deionized water in the threaded cap.
Screw the cap into the nebulizer
device. Ensure that threading is lined
up correctly

ު 4) Set lever (next to the pressure
regulator) to the middle position (arm
should be pointing horizontally toward
you)

3

See attachment 3

See Attachment 3

ު 5) Turn on air compressor to fill it
above 100 psi. If left on, it will stop at
175 psi and will refill itself when it
drops below 140 psi. Open the
regulator fully so that both gauges
have the same reading

ު 6) Set the pressure regulator on the
second filter to 30 psi by pulling down
on the bottom cap, and turning
clockwise

ު 7) Run fresh air through the test
chamber for at least 2 minutes by
setting the lever in the down position
ު 8) Type the following commands into
the Raspberry Pi terminal
cd OpticalParticleCounters
python3 BOTH.py
Follow instructions from there. The
second command may need to be run
twice if an exception comes up.
ު 9) Set the lever back to the middle
position, and change the pressure
regulator to read 50 psi

ު 10) Switch the level to the up position
and wait for the entire solution to be
nebulized, this should take around 17
minutes.

ު 11) Turn valve to middle position
ު 12) Note the air composition. Record
continuous data for at least 5 minutes
to measure transient response
ު 13) Run clean air through the test
chamber to purge it of particles for
2.5 minutes.
ު 14) Repeat steps 1-12 but place
particulate sensor on the bottom of
the test chamber on the side opposite
the air filter

ު 15) Repeat steps 1-12 but place
particulate sensor on the velcro half
way up the test chamber wall

ު 16) Repeat steps 1-13 but replace
LB30 with LB5 when mixing 1 mL
solution
ު 17) Repeat steps 1-13 but replace
LB5 solution with straight water

Attachment One: Particle Generator Components

Attachment Two: Raspberry Pi and Data Acquisition
The Raspberry Pi has a directory called OpticalParticleCounters where all the code and data is
stored. There are four executable python scripts titled NOVAPM.py, OPC-N2.py, BOTH.py, and
CHECK.py which run and write files from the Nova sensor, run and write files from the OPC-N2
sensor, run and write files from both sensors, and run both sensors respectively.

Attachment 3: Tube Connections
*indicates these connection should be checked before every experiment
Air compressor outlet connects to left air filter
inlet
Right air filter outlet connects to left pressure
regulator inlet
Right pressure regulator outlet connects to
middle valve inlet

Bottom valve outlet connects to *bottom back
test chamber inlet

Top valve outlet connects to *bottom
atomizer inlet

Tubing runs from atomizer and connects into
*diffusion dryer inlet

*Diffusion dryer outlet connects to top back
test chamber inlet

